Aims/hypothesis The nuclear receptors, including nuclear receptor subfamily 1, group H, member 3 (NR1HR, also known as liver X receptor [LXR]), are sensors of cholesterol metabolism and lipid biosynthesis that have recently been proposed as insulin sensitisers. TNFα has been described as a link between obesity and the development of insulin resistance, an important contributor to the pathogenesis of type 2 diabetes. Therefore, we decided to investigate the ability of NR1HR agonists to ameliorate TNFα-induced insulin resistance in brown adipocytes. Methods Primary brown adipocytes from rat fetuses, and from wild-type neonate mice and neonate mice deficient in the gene encoding protein tyrosine phosphatase-1B (Ptpn1, also known as Ptp1b) were cultured in the absence or presence of TNFα and different nuclear receptor agonists. Among them, the unrelated NR1HR ligands T0901317, GW3965 and (22R)-hydroxycholesterol were tested. After insulin stimulation, glucose uptake and solute carrier family 2 (facilitated glucose transporter), member 4 (SLC2A4, formerly known as GLUT4) translocation were measured. Next the insulin signalling cascade was determined by submitting cells to lysis, immunoprecipitation and immunoblotting. Results NR1HR agonists ameliorate TNFα-induced insulin resistance restoring completely insulin-stimulated glucose uptake and SLC2A4 translocation to plasma membrane. This effect is parallel to the recovery of the insulin cascade insulin receptor/IRS-2/phosphatidylinositol 3-kinase/protein kinase B, and could be due to the fact that T0901317 prevents the increase of PTPN1 production and phosphatase activity produced by TNFα. In this regard, Ptpn1-deficient brown adipocytes showed protection against insulin resistance by TNFα. Moreover, we observed that T0901317 produced in itself a significant increase over basal glucose uptake consistent with an increase of SLC2A4 protein content in plasma membrane, attributable to the activation of protein kinase ζ and/or the increase of Slc2a4 expression. Conclusions/interpretation Nuclear receptors NR1HR are interesting potential targets for drug treatment of insulin resistance. 
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Introduction
Nuclear receptors such as retinoic acid receptor (RAR), peroxisome proliferator activated receptors (PPARs) and the orphan receptor nuclear receptor subfamily 1, group H, member 3 (NR1HR, also known as liver X receptor [LXR] ) comprise a superfamily of related proteins, which act as transcription factors to activate expression of target genes in response to binding of ligands. These proteins bind preferentially to DNA as heterodimers with a common partner, retinoid X receptor (RXR), to regulate transcription. NR1HRs are activated by naturally produced oxysterols, including (22R)-hydroxycholesterol, (24,25S)-epoxycholesterol, and 27-hydroxycholesterol, as well as by synthetic compounds such as T0901317 and GW3965 [1, 2] . Although NR1HR function has been elucidated in detail with respect to cholesterol and lipid metabolism, new findings have indicated that NR1HR is an important regulator of glucose metabolism in liver and adipose tissue [3] [4] [5] . Recent studies have reported low plasma glucose, improved glucose tolerance and increased glucose-induced insulin secretion by islets in genetic and dietary models of type 2 diabetes treated with synthetic NR1HR agonists [6] [7] [8] .
Several sources of evidence suggest that NR1HR activity may be important in adipocytes. First, NR1HRα and β are abundantly produced in adipocytes, preferentially in subcutaneous rather than in visceral white adipose tissue [9] . In addition, NR1HR production is regulated by the key adipocyte transcription factor PPARγ either in macrophages and in adipose tissue, and many NR1HR target genes are also highly expressed in adipocytes [10] [11] [12] . Moreover, ligand activation of NR1HR regulates production of the insulin-responsive glucose transporter solute carrier family 2 (facilitated glucose transporter), member 4 (SLC2A4, formerly known as GLUT4) both in vivo and in murine and human adipocytes, through direct interaction with a conserved NR1HR response element in the Slc2a4 promoter. By contrast, the ability of NR1HR ligands to regulate SLC2A4 production was abolished in mice lacking Nr1h3 [8, 13] .
Although white adipose tissue is the main adipose tissue, brown adipose tissue, in which glucose is an important fuel in vivo, is also present in small mammals. Brown adipose tissue is a target tissue for insulin action, especially during late fetal development, when insulin promotes adipogenic and thermogenic differentiation and regulates glucose uptake, as reviewed [14] . Acute insulin treatment stimulates glucose transport in fetal brown adipocytes largely by mediating translocation of SLC2A4 to the plasma membrane, a process involving the activation of phosphatidylinositol (PI) 3-kinase, protein kinase B (PKB) and protein kinase C (PKC)ζ [15, 16] . Brown adipose tissue is also a target for nuclear receptor agonists, since it produces abundant PPARγ, NR1HRα and β [9, 17] . In this regard, the PPARγ agonist rosiglitazone up-regulates the expression of the lipoprotein lipase, hormone-sensitive lipase and uncoupling protein-1 genes in brown adipocytes [18] , as well as achieving insulin sensitisation by increasing the Tyr kinase activity of the insulin receptor [19] . So far, the effect of activation of NR1HRs on glucose metabolism in brown adipocytes has not been explored.
Several factors secreted from adipose tissue, including cytokines, growth factors and NEFA, can produce insulin resistance by impairing insulin signalling. Among them, TNFα has been proposed as a link between adiposity and the development of insulin resistance, an important contributor to the pathogenesis of type 2 diabetes [20, 21] . In this regard, we had previously described that TNFα caused insulin resistance in brown adipocytes by impairing insulin signalling at the level of IRS-2. We had also identified ceramide production and activation of protein phosphatase 2A (PP2A), and induction of p38 and p42/p44 mitogenactivated protein kinase (MAPK) as mediators of insulin resistance by TNFα [22, 23] . Moreover, the thiazolidinedione rosiglitazone ameliorates TNFα-induced insulin resistance in brown adipocytes by impairing the stimulation of MAPKs by TNFα [22] . Thiazolidinediones are insulinsensitising drugs, which improve insulin action in vivo across a wide spectrum of insulin-resistant states and which have recently been introduced for the clinical treatment of type 2 diabetes [24, 25] . However, several limitations of this therapy, such as increased adiposity, secondary insulin resistance in white adipose tissue, and pro-and antiatherogenic effects, have now emerged [24, 25] . The fact that fetal brown adipocytes represent an ideal system for investigating the effectiveness of therapeutic agents in the treatment of insulin resistance prompted us to evaluate the potential role of the nuclear receptor NR1HR in alleviating TNFα-induced insulin resistance. Plabelled ATP were purchased from Amersham Biosciences (Aylesbury, UK). Antibodies against solute carrier family 2 (facilitated glucose transporter), member 1 (SLC2A1) and SLC2A4 were supplied by Chemicon (Temecula, CA, USA). Antibodies against phosphorylated or total PKB, extracellular signal-regulated kinase (ERK)1/2 and PKCζ were from Cell Signaling (Beverly, MA, USA). Antibodies against IRS-2, P-Tyr, protein tyrosine phosphatase 1B (PTPN1, also known as PTP1B), PP2A and SH-2 containing inositol 5′-phosphatase (SHIP)2 were from Upstate Biotechnology (Lake Placid, NY, USA). Antibodies against caveolin-1 (sc-894), insulin receptor (sc-09) and antiphosphatase and tensin homolog deleted on chromosome 10 (PTEN) (sc-7974) were from Santa Cruz (Palo Alto, CA, USA). All other reagents used were of the purest grade available.
Materials and methods

Materials
Animals and cell culture Wistar rats were obtained from the Complutense University Animal House. Ptpn1-deficient and wild-type mice were from Abbott Laboratories (Abbott Park, IL, USA). The principles of laboratory animal care were followed and the study was approved by the local ethics committee and carried out in accordance with the Federation of European Laboratory Animal Science.
Fetal brown adipocytes were obtained from interscapular brown adipose tissue of Wistar rat fetuses (20 days old) or Ptpn1-deficient and wild-type mice neonates (5 days old). Cells were isolated by collagenase dispersion, and plated in minimal essential medium with Earle's salts supplemented with 10% fetal serum, as previously described [23] . After 4 h of culture at 37°C, cells were rinsed twice with PBS and a 70% confluent monolayer was observed under inverse light microscopy. Cells were maintained for 20 h in a serum-free medium supplemented with 0.2% (w/v) BSA and then cultured for 24 h in the absence or presence of 2 nmol/l TNFα with or without nuclear receptor agonists. The cells were then stimulated or not for 5 or 30 min with 10 nmol/l insulin.
Glucose transport determination Glucose uptake was measured by incorporating 2-deoxy-D- [1- 3 H]glucose into cells during the last 10 min of culture as described previously [15] . Results are expressed as pmol glucose mg protein
Subcellular fractionation Cells were submitted to subcellular fractionation for plasma membrane fraction isolation, before protein quantification and western blotting with SLC2A4, SLC2A1 and caveolin-1 antibodies as previously described [23] .
Immunoprecipitations Cells were extracted with lysis buffer I containing: 10 mmol/l Tris-HCl, 5 mmol/l EDTA, 50 mmol/l NaCl, 30 mmol/l sodium pyrophosphate, 50 mmol/l NaF, 100 μmol/l Na 3 VO 4 , 1% Triton X-100, and 1 mmol/l phenylmethylsulfonyl fluoride (pH 7.6). After protein content determination, equal amounts of protein were immunoprecipitated at 4°C with the corresponding antibody.
The immune complexes were collected on protein A-agarose and analysed on SDS-PAGE followed by western blotting or on PI3-kinase activity by in vitro phosphorylation of phosphatidylinositol as previously described [22] .
PTPN1 activity Cells were cultured in a phosphate-free MEM medium and lysed in lysis buffer containing: 50 mmol/l Tris, 150 mmol/l NaCl, 1% Triton X-100, 2 mmol/l EDTA (pH 7.5). PTPN1 activity was assessed by malachite green and p-nitrophenyl phosphate hydrolysis assays by dephosphorylation of specific phosphopeptides (Upstate Biotechnology) as previously described by us [19] .
Western blotting Proteins were submitted to SDS-PAGE, transferred to Immobilon membranes (Millipore, Bedford, MA, USA), blocked using 5% non-fat dried milk in 10 mmol/l Tris-HCl and 150 mmol/l NaCl (pH 7.5), and were then incubated overnight with several antibodies in 0.05% Tween-20, 1% non-fat dried milk in the same buffer. Blots were exposed to high-sensitivity films and developed using the enhanced chemiluminescence system (Amersham Biosciences).
Northern blotting RNA was isolated and submitted to northern blot analysis as described previously [26] . Serial hybridisation with Slc2a4 and Slc2a1 probes was done before a final hybridisation with the 18S rRNA probe.
Real-time quantitative RT-PCR assays DNAse I treated RNA was reverse transcribed into cDNA before performing the PCR assay for Slc2a4 and Ptpn1 gene expression using gene expression assays (Taqman; Applied Biosystems, Foster City, CA, USA), as previously described [26] . The results are given as percentage over control (untreated cells) after normalising mRNA to 18S rRNA expression.
Data analysis Results are presented as means ± SEM from three to five independent experiments. Statistical significance was tested by one-way analysis of variance, followed by the protected least-significant different test. p values less than 0.01 were considered significant. In experiments using X-ray films (Hyperfilm), different exposure times were used to ensure that bands were not saturated.
Results
Nuclear receptor NR1HR agonists regulate glucose uptake in brown adipocytes under physiological and insulinresistant conditions In order to investigate the impact of nuclear receptor activation on glucose uptake, rat fetal brown adipocytes were cultured for 24 h in the absence or presence of different nuclear receptor agonists, prior to stimulation for 30 min with 10 nmol/l insulin, after which glucose uptake was determined (Fig. 1a) . We used the following dosages: rosiglitazone as PPARγ agonist, 10 μmol/l, a dose previously used in brown adipocytes [19] ; TTNPB as RAR agonist, 10 μmol/l; and phytanic acid as RXR agonist, 20 μmol/l. The latter two doses are similar to those used in other studies in vitro [27] . To activate NR1HR we tested the synthetic compounds T0901317 and GW3965 at the optimal doses of 3 and 15 μmol/l, respectively, calculated from dose-response experiments (Fig. 1b) , as well as the natural ligand (22R)-hydroxycholesterol at 100 μmol/l, a dose 20 times higher than its EC50 [28] , using (22S)-hydroxycholesterol (100 μmol/l) as a negative control (Fig. 1a) . The non-steroid NR1HR ligands T0901317 and GW3965 both produced a significant increase (50%) over basal glucose uptake, a level of stimulation slightly higher than that produced by (22R)-hydroxycholesterol (40%). An increase over basal glucose uptake was also observed in cells treated with rosiglitazone (55%), but not in those treated with TTNB or phytanic acid. Stimulation with insulin increased glucose uptake by 2.5-fold, as expected Control cells were maintained in the absence of NR1HR agonists. c Cells were cultured for 24 h either in the absence or presence of 2 nmol/l TNFα and/or the different nuclear receptor agonists described above, and stimulated or not for 30 min with Ins. Glucose uptake was measured during the last 10 min by incorporation of 2-deoxy-D-[1- [15] . Insulin sensitisation on glucose uptake was only observed when cells were treated with rosiglitazone, but not when they were treated with NR1HR ligands, TTNPB or phytanic acid. The fact that TNFα induces insulin resistance in brown adipocytes [23] prompted us to investigate whether nuclear receptor agonists can restore glucose uptake under these conditions. Cells were cultured in the absence or presence of 2 nmol/l TNFα with or without nuclear receptor ligands, prior to stimulation for 30 min with insulin. As shown in Fig. 1c , the three NR1HR agonists tested (T0901317, GW3965, (22R)-hydroxycholesterol) and the RAR agonist TTNPB completely restored insulin-stimulated glucose uptake in the presence of TNFα, in a similar fashion to rosiglitazone. Nevertheless, neither phytanic acid nor (22S)-hydroxycholesterol treatment impaired TNFα-induced insulin resistance upon glucose uptake. According to these results, we decided to focus our studies on the effects of NR1HR, using T0901317 as agonist.
To correlate the data on glucose uptake with SLC2A4 translocation to the plasma membrane, subcellular fractionation was performed and SLC2A4 protein was detected (Fig. 2a,b) . Incubation of brown adipocytes with insulin for 30 min or with T0901317 for 24 h increased SLC2A4 protein content in plasma membrane (200% and 50%, respectively), which is consistent with the data on glucose uptake. In addition, the redistribution of SLC2A4 in the presence of insulin was precluded after TNFα treatment for 24 h, in agreement with our previous work [22] . Moreover, in these TNFα-induced insulin-resistant conditions pretreatment with T0901317 completely restored SLC2A4 translocation by insulin. No sensitising effect of T0901317 was observed either on insulin-stimulated SLC2A4 translocation (Fig. 2a,b) or on glucose uptake (Fig. 1a) . Regarding production of the ubiquitous glucose transporter SLC2A1, we confirmed that TNFα increased SLC2A1 protein content at the plasma membrane (Fig. 2a,c) , contributing to the increase observed in basal glucose uptake [22] . Fig. 2 T0901317 induces SLC2A4 translocation to plasma membrane under basal and insulin-resistant conditions. a-c Rat fetal brown adipocytes were cultured for 24 h either in the absence or presence of TNFα and/or T0901317 (T1317) prior to stimulation for 30 min with insulin (Ins), at the doses described in Fig. 1 . Cells were collected and submitted to subcellular fractionation. Plasma membrane proteins (10 μg) were subjected to SDS-PAGE and analysed by western blotting with antibodies against SLC2A4, SLC2A1 and caveolin-1. Representative immunoblots (a) and densitometric analysis (b, c) of three independent experiments are shown. Statistical significance, see Fig. 1 . d Brown adipocytes were cultured for 24 h in the absence or presence of 3 μmol/l T0901317. Total RNA (1 μg) was submitted to real-time quantitative RT-PCR, and data are expressed as percentage over the mRNA detected from untreated cells (100%). Results are means±SEM of three independent experiments; statistical analysis, see Fig. 1c . e Total RNA (10 μg) was submitted to northern blot analysis and hybridised with labelled Slc2a4 and Slc2a1 cDNAs. A final hybridisation with the 18S rRNA cDNA was performed for normalisation. f Total protein (30 μg) was submitted to western blotting with anti-SLC2A4 and anti-SLC2A1 antibodies. β-Actin was used as loading control. Representative autoradiograms are shown However, the NR1HR agonist did not modify SLC2A1 levels. Caveolin-1, used as a marker protein of the plasma membrane, remained essentially unaltered under the different treatments. The increase in glucose uptake and in SLC2A4 protein amount on plasma membrane detected in the presence of T0901317 led us to investigate whether this NR1HR agonist might regulate total SLC2A4 production in brown adipose tissue, as already reported for epididymal white adipose tissue [13] . Brown adipocytes, after treatment for 24 with T0901317, showed a 2.5-fold increase in the amount of Slc2a4 mRNA detected either by real-time quantitative RT-PCR (Fig. 2d) or northern blot (Fig. 2e) . Moreover, double the amount of total SLC2A4 protein was observed under treatment with T0901317 (Fig. 2f) . However, treatment with T0901317 did not affect Slc2a1 mRNA or protein content (Fig. 2e,f) .
T0901317 ameliorates the insulin resistance induced by
TNFα by restoring the insulin signalling cascade in brown adipocytes Since TNFα interferes with the insulin signalling cascade at the level of IRS-2/PI3-kinase/PKB in brown adipocytes [23] , we analysed at which molecular level T0901317 acts to normalise glucose uptake. The initial steps within the insulin cascade were determined in Fig. 3 . Insulin induced Tyr phosphorylation of insulin receptor β-chain and IRS-2, an effect that was impaired by pretreatment with TNFα. However, when cells were cultured in the presence of T0901317 and TNFα, phosphorylation of the insulin receptor by insulin was almost normalised (Fig. 3a,b) . Moreover, T0901317 completely restored insulin-stimulated IRS-2 Tyr phosphorylation in the presence of TNFα (Fig. 3a,c) . No significant effect was observed between cells treated with T0901317 plus insulin and those treated with insulin. In addition, TNFα impaired insulin-induced PI3-kinase activity in IRS-2 immunoprecipitates, but this inhibitory effect was not produced in the presence of T0901317 (Fig. 3a,d ). TNFα has a smaller inhibitory effect on insulin signalling at the level of IRS-1 than that of IRS-2, Fig. 3 T0901317 restores insulin receptor/IRS-2/ phosphatidylinositol 3-kinase cascade in the presence of TNFα. Rat fetal brown adipocytes were cultured for 24 h either in the absence or presence of TNFα and/ or T0901317 (T1317) and stimulated or not for 5 min with insulin (Ins) at the doses described in Fig. 1 . Cells were lysed and total protein (1 mg) was immunoprecipitated with anti-insulin receptor (IR) β-chain or anti-IRS-2 antibodies. The resulting immune complexes were analysed (a) by western blot with antibodies against protein Tyr (P-Tyr), IR or IRS-2. Cell lysates of IRS-2 immunoprecipitates were used for an in vitro phosphatidylinositol (PI)3-kinase activity assay. The conversion of PI to PI phosphate (PIP) in the presence of γ its phosphorylation and PI3-kinase-associated activity being completely normalised after treatments with T0901317 (data not shown).
Next, we investigated in the downstream PI3-kinase pathways the role of PKB and PKCζ, which have been proposed to mediate glucose uptake in brown adipocytes [15, 16] , as shown in Fig. 4 . Insulin produced phosphorylation of PKB at both regulatory residues Ser 473 and Thr 308, an effect that was impaired in the presence of TNFα (Fig. 4a,b) . Accordingly, we observed that T0901317 restored insulin stimulation of PKB phosphorylation in the presence of TNFα in parallel to the insulin cascade IRS-2/PI 3-kinase. In the presence of the cytokine, we detected an inhibitory effect of the PKCζ phosphorylation induced by insulin; this effect was not reversed by T0901317 (Fig. 4a,c) . However, this compound produced in itself a significant level of PKCζ phosphorylation, which might be responsible for the stimulation on glucose uptake and SLC2A4 translocation observed in Figs. 1 and 2a,b , respectively. Finally, we also analysed (Fig. 4a,d ) the modulation of the insulin ERK1/2 pathway. TNFα did not modify insulin-induced ERK1/2 phosphorylation although we detected some activation of ERK1/2 by T0901317.
T09013127 downregulates the PTPN1 protein production induced by TNFα The fact that NR1HR activation ameliorates insulin resistance by restoring the insulin receptor/ IRS-2/PI3-kinase/PKB cascade suggests that TNFα and T0901317 might modulate insulin signalling by alternating production and/or activity of some phosphatase. In this regard, we decided to explore the expression of PTPN1, as well as of such other lipid and Ser/Thr phosphatases as SHIP2, PTEN or PP2A, all known to be present in brown adipocytes [19] . Therefore, cells were cultured in the absence or presence of TNFα with or without T0910317 for 24 h, and different phosphatases were analysed by western blot (Fig. 5a) . Treatment of brown adipocytes with TNFα significantly increased PTPN1 protein production, but cotreatment with T0901317 prevented this increase. However, the amount of SHIP2, PTEN or PP2A remained unaltered. Subsequently we measured PTPN1 activity (Fig. 5b) and found it to be increased in brown adipocytes treated with TNFα, in line with the increase in PTPN1 protein production. Moreover, this increase in phosphatase activity was prevented by treatment with T0901317. In order to investigate whether this regulation of PTPN1 Fig. 4 T0901317 allows insulin activation of PKB in the presence of TNFα. Rat fetal brown adipocytes were cultured as in Fig. 3 . Cells were lysed and total protein (30 μg) was submitted to western blotting (a) with antibodies against phosphorylated (P) or total PKB, ERK1/2 and PKCζ. The immunoblots shown are representative of at least three independent experiments. Histograms (b-d) from densitometric analysis are the mean±SEM from three independent experiments. For details of statistical significance, see Fig. 1 protein was the consequence of changes at the mRNA level we analysed mRNA expression by real-time quantitative RT-PCR (Fig. 5c ). The accumulation of Ptpn1 mRNA induced by TNFα was not detected in the presence of the NR1HR ligand.
Since TNFα increased PTPN1 content, we decided to explore whether lack of PTPN1 might confer protection against TNFα-induced insulin resistance (Fig. 5d) . Primary cultures of brown adipocytes from Ptpn1-deficient mice neonates and from the corresponding wild-type neonates were grown, and cells were then cultured with TNFα prior to stimulation with insulin. When glucose uptake was determined, insulin fully stimulated glucose uptake in Ptpn1-deficient cells regardless of whether TNFα was present (Fig. 5d) , an effect that was not produced in wildtype mice brown adipocytes in accordance with data on rat brown adipocytes (Fig. 1c) . Moreover, the increase in PTPN1 protein that was induced by TNFα in rat brown adipocytes was also detected in wild-type mice brown adipocytes (Fig. 5e) . Lack of PTPN1 protected against Ptpn1-deficient mice. Cells were cultured for 24 h with 2 nmol/l TNFα prior to stimulation or not for 30 min with 10 nmol/l insulin (Ins). Glucose uptake was measured during the last 10 min of culture by incorporation of labelled 2-deoxy-glucose. Results are expressed as percentage of stimulation over basal glucose uptake in the absence of insulin, and are the mean±SEM of triplicate measurements made in three independent cultures. Δp<0.01 for difference between TNFα plus insulin versus insulin alone. e Mouse neonatal brown adipocytes were cultured with TNFα prior to stimulation for 5 min with insulin. Cells were lysed and total protein (30 μg) was submitted to western blotting and immunodetected with antibodies against phosphorylated (P) or total PKB and PTPN1. Representative immunoblots from three independent experiments are shown impairment of insulin activation of PKB by TNFα (Fig. 5e ), in agreement with the observed protection against insulin resistance on glucose uptake.
Discussion
The close association between obesity and insulin resistance and their progression to type 2 diabetes is a severe health problem. In recent years our laboratory has established that fetal brown adipocytes constitute an ideal system for studying molecular mechanisms of insulin resistance and for testing novel approaches to overcome or bypass such resistance. One such approach is ligand activation of nuclear receptors, which can regulate glucose metabolism in multiple tissues including adipose tissue [3] [4] [5] . Accordingly, we decided to explore and compare the effect of nuclear receptor agonists on glucose uptake in brown adipocytes. Thus, this study has revealed that PPARγ-, NR1HR-, RAR-and RXR-selective agonists differ in their effects. We observed, for the first time, that the synthetic NR1HR agonists T0901317 and GW3965 increased basal glucose uptake in brown adipocytes and, more importantly, restored insulin-stimulated glucose uptake in insulin-resistant conditions such as the presence of TNFα. Another NR1HR agonist, the natural ligand (22R)-hydroxycholesterol, also ameliorates TNFα-induced insulin resistance on glucose uptake, while the negative control (22S)-hydroxycholesterol does not. The fact that three unrelated ligands produced similar restoration of glucose uptake seems to indicate that their effects are dependent on NR1HR. Moreover, RAR activation also restored insulin sensitivity in the presence of the cytokine, while the PPARγ agonist rosiglitazone stimulated glucose uptake under basal conditions and produced insulin sensitisation regardless of whether TNFα was present or not, in agreement with previous findings in this cellular model [19, 22] . In contrast, RXR activation failed to regulate glucose uptake in all the experimental conditions tested. These results indicate that the effect on glucose uptake is not due to RXR activation, the common partner of these nuclear receptors. The differences between these nuclear receptors have been previously observed, for instance, adipogenesis was inhibited by an RAR-mediated event [29, 30] , whereas RXR-specific agonists promoted adipocyte differentiation [27] .
In this work we found that NR1HR agonists increased basal glucose uptake in brown adipocytes in a dosedependent manner, in agreement with the results obtained in 3T3-L1 adipocytes [8] . This effect is the result of changes of SLC2A4 in the plasma membrane, and could be attributed to the activation of PKCζ and/or the increase in Slc2a4 expression produced by T0901317. It is well known that the biological effects of nuclear receptors are characterised by nuclear transcriptional regulation of gene expression as well as non-genomic effects. We have recently proposed that rosiglitazone activates basal glucose uptake in a manner dependent on p38MAPK [19] , and in some cellular systems PKC phosphorylation has been found to be increased by other nuclear receptor agonists such as vitamin D analogues [31] . The effect of NR1HR agonists on Slc2a4 expression in rat brown adipocytes is in agreement with the up-regulation of Slc2a4 detected in murine and human adipocytes, where the Slc2a4 promoter is a direct transcriptional target for the NR1HR/RXR heterodimer [8, 13] . On the other hand, T0901317 treatment did not produce insulin sensitisation, either on glucose uptake, or in the insulin signalling cascade, an effect clearly different from that observed for rosiglitazone in our previous work [19] and in studies performed in murine adipocytes [8] . Differential effects of pharmacological NR1HR activation on insulin sensitivity in normal or insulin-resistant conditions have also been detected in other studies. For instance, NR1HR agonists lowered blood glucose levels and improved whole-body insulin sensitivity in ob/ob mice, but not in lean mice [32] . However, recent studies have shown that NR1HR agonists may lead to increased utilisation of lipids and glucose in human skeletal muscle cells, without affecting the mechanism of action of insulin [33] . This is the first time that the ability of NR1HR agonists to ameliorate the insulin resistance induced by TNFα has been documented. We found that chronic exposure to T0901317 completely restored insulin-induced glucose uptake and SLC2A4 translocation in the presence of TNFα. This effect is parallel to the recovery of the insulin cascade insulin receptor/IRS-2/PI3-kinase/PKB, as observed previously in the case of rosiglitazone [22] . However, another insulin pathway, namely that involving PKCζ, is also involved in translocation of SLC2A4 [16] ; it was inhibited in the presence of TNFα, but was not restored by T0901317. Accordingly, synthetic NR1HR agonists have been reported to improve glucose tolerance in genetic and dietary models of type 2 diabetes [6, 8] and to increase glucose-induced insulin secretion by islets [7] , very similar effects to those elicited by thiazolidinediones [34] and synthetic activators of RXR [35] . Moreover, NR1HR agonist treatment suppresses hepatic gluconeogenesis [6] , inhibits synthesis of proinflammatory cytokines [36] and induces desirable changes in cholesterol metabolism [37] , favourable features for a potential drug against diabetes.
The fact that NR1HR activation ameliorates insulin resistance by restoring the insulin receptor/IRS-2 cascade suggests that TNFα and T0901317 might modulate insulin signalling by altering the activity of some phosphatase. In this work we detected for the first time a significant enlargement of Ptpn1 mRNA and protein expression in brown adipocytes treated with TNFα, as well as an increase in phosphatase activity. Numerous sources of evidence suggest that phosphatases are used by TNFα to block insulin signalling at different levels [38] [39] [40] . Moreover, studies with obese rats have shown that expression of leucocyte common antigen-related protein tyrosine phosphatase in liver is downregulated after TNFα blockade [41] , and in rat hepatoma cells TNFα increased SHIP2 production. Overactivation of phosphatases is one way in which insulin signalling becomes blocked, and PTPN1, which dephosphorylates the activated insulin receptors and their substrates, has been shown to play a major role in both insulin resistance and type 2 diabetes [42, 43] . We therefore decided to check whether lack of PTPN1 in brown adipocytes might confer protection against TNFα-induced insulin resistance. As expected, TNFα did not produce insulin resistance, either on glucose uptake, or in insulin signalling in Ptpn1-deficient primary brown adipocytes. This novel finding indicates that part at least of the effects of TNFα may be exerted through the dynamic modulation of PTPN1 production. Moreover, the increase in PTPN1 production and activity induced by TNFα was completely prevented by T0901317. The mechanisms of this inhibitory action are unknown, and so far no NR1HR response elements have being identified on the Ptpn1 promoter, although the induction by cytokines of the expression of other genes, such as that encoding matrix metalloproteinase-9 in macrophages, was repressed by NR1HR activation [44] . One group has identified on the Ptpn1 promoter two regulatory elements that recognise Y box-binding protein-1 and Sp family transcription factors, both of which are required for optimal promoter activity [45] . Whether or not NR1HR can modulate the expression of these transcription factors or compete with them for recruitment of activators and repressors remains to be established. Similar results have been reported with different PTPs in other cell systems. Thus, production of LAR in liver is up-regulated by a high-fat diet and profoundly downregulated by PPARα agonists [46] . Increased availability of NEFA has also been shown to promote the production of PTPN1, as well as insulin resistance in rat skeletal muscle and hepatic cells [47] . Moreover, recent studies with diabetic rats have demonstrated enhanced levels and activities of PTPN1 in skeletal muscle and liver whereas rosiglitazone treatment decreases this increase in muscle but not in liver [48] . Accordingly, modulation of genes such as that encoding PTPN1 might contribute to the pathogenesis of TNFα-induced insulin resistance in brown adipocytes. In agreement with our previous results, this cytokine induces insulin resistance through multiple mechanisms: decrease of IRS-2 Tyr phosphorylation through a MAPK-dependent mechanism [22] , generation of ceramide and activation of PP2A [23] , and modulation of PTPN1 protein production and activity (this study).
In conclusion, the synthetic NR1HR agonist T0901317 ameliorates TNFα-induced insulin resistance in brown adipocytes restoring completely insulin-stimulated glucose uptake possibly by ameliorating abnormal levels of PTPN1. These new results support the hypothesis that nuclear receptor NR1HR is an interesting target for drug treatment of insulin resistance.
